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Introduction {#sec004}
============

*Angiostrongylus costaricensis* is a zoonotic parasitic nematode that causes human abdominal angiostrongyliasis, a severe gastrointestinal disease. This helminth was first described in patients from Costa Rica in 1971 \[[@pntd.0006923.ref001]\]. Abdominal angiostrongyliasis (AA) is currently widespread in Latin America \[[@pntd.0006923.ref002], [@pntd.0006923.ref003]\] and cases have also been reported in Africa and Europe \[[@pntd.0006923.ref002]\].

Humans are incidental hosts who become infected following the ingestion of raw mollusks or unwashed vegetables contaminated with the mucous of mollusks containing third-stage larvae (L3) of *A*. *costaricensis*. The life cycle requires a mollusk (i.e.,slugs and/or snails) as an intermediate host and a rodent definitive host (i.e genus *Rattus* and cotton rats). Adult worms live inside the mesenteric arteries of infected rodents, where eggs laid by females are carried by the blood stream to the intestinal wall. The eggs hatch as first-stage larvae (L1), which migrate into the intestinal lumen and are further eliminated with the faeces. L1 are ingested \[[@pntd.0006923.ref004]\] and/or penetrate through the mollusk tegument \[[@pntd.0006923.ref005], [@pntd.0006923.ref006]\] and two molts occur inside the intermediate host before the development of the infective L3 stage. To complete its life cycle, L3 larvae must be ingested by rodents, where they follow one of two alternative migratory routes during their development into adult worms: a lymphatic/venous--arterial pathway or a venous portal pathway. Both migratory pathways direct the worms to their final destination, the ileocecal region \[[@pntd.0006923.ref003], [@pntd.0006923.ref007], [@pntd.0006923.ref008]\].

To date, definitive diagnosis of the infection requires a biopsy to find worms, eggs and/or larvae in histological sections. In the absence of parasitic structures, a probable diagnosis of AA is supported by a histological triplet involving the presence of eosinophilic infiltration in the intestinal wall, granulomatous inflammation and eosinophilic vasculitis \[[@pntd.0006923.ref009]\]. Proposed noninvasive serological diagnostic tests have lacked sensitivity and specificity \[[@pntd.0006923.ref010], [@pntd.0006923.ref011]\]. Stool examination is not useful in diagnosing *A*. *costaricensis* because the eggs are not shed into human faeces. Furthermore, there is no specific and/or effective pharmacological treatment for this disease. Previous studies have shown that anthelminthics \[[@pntd.0006923.ref012]--[@pntd.0006923.ref016]\], antithrombotic drugs \[[@pntd.0006923.ref017]\] and anti-inflammatory agents \[[@pntd.0006923.ref018]\] are not effective against the nematode parasite. Therefore, the investigation of potential new diagnosis and/or treatment targets for AA is urgently required.

Peptidases are proteolytic enzymes that have been suggested as drug targets for parasitic diseases \[[@pntd.0006923.ref019]--[@pntd.0006923.ref022]\]. In parasitic helminths, peptidases are involved in host-parasite interactions, parasite immune evasion, life cycle transition and pathogenesis \[[@pntd.0006923.ref023]--[@pntd.0006923.ref026]\]. Using gel-based approaches, we have previously confirmed the presence of peptidase activity in L1 and L3 extracts. The gelatinolytic enzymatic activity of L3 larvae could be ascribed to metallo-peptidases, whereas the characterization of the protease activity of L1 larvae was inconclusive. Haemoglobinolytic activity due to aspartyl protease activity was also detected in the crude extracts of adult worms and in larval stages (L1 and L3) \[[@pntd.0006923.ref027]\].

The present work aimed to provide a more detailed understanding of the proteolytic activity of adult worms and L1 lysates of *Angiostrongylus costaricensis*. To discover the proteolytic activity in these biological samples, lysates were incubated with an equimolar mixture of synthetic tetradecapeptide substrates. Both cleaved and uncleaved peptides were identified using tandem mass spectrometry and substrate specificity profiles were subsequently generated. This method, termed multiplex substrate profiling by mass spectrometry (MSP-MS) \[[@pntd.0006923.ref028]\], has previously been used to discover protease activity in the excretion/secretion products from *Schistosoma mansoni* \[[@pntd.0006923.ref029]\] and in the gut of *Schmidtea mediterranea* \[[@pntd.0006923.ref030]\]. Further characterization of peptidase activity was performed using a panel of fluorescent peptide substrates and class-specific peptidase inhibitors.

Methods {#sec005}
=======

Chemicals {#sec006}
---------

The following protease inhibitors and peptide substrates were used in this study: Pepstatin A (Research Products, Mt. Prospect, IL, USA), E-64 (Merck Calbiochem, La Jolla, CA, USA), AEBSF (Sigma Aldrich, St Louis, MO, USA), and 1,10- phenanthroline (Acros Organics, Moris Plains, New Jersey, USA). H-Gly-Phe-AMC (7-amino-4-methylcoumarin), H-Tyr-AMC, H-Gly-Arg-AMC, H-Arg-AMC, Z-Arg-Arg-AMC, Z-Val-Arg-AMC, Z-Ala-Val-Asn-AMC, Glutaryl-Gly-Arg-AMC, Z-Val-Ala-Asp-AMC, Z-Val-Ala-Asp-AMC, Z-Val-Ala-Asp-AMC, Z-Val-Ala-Asp-AMC, Suc-Leu-Tyr-AMC and Z-Arg-Leu-Arg-Gly-Gly-AMC were purchased from Bachem (Torrance, CA, USA). Z-Phe-Arg-AMC was purchased from R&D Systems (Minneapolis, MN, USA). H-Ala-AMC, Z-Ala-AMC and Boc-Ala-Gly-Pro-Arg-AMC were purchased from Enzymes Systems Products (Livermore, CA, USA). N-Benzoyl-Phe-Val-Arg-AMC and N-Succinyl-Ala-Pro-Ala-AMC were purchased from Sigma. Z-Arg-Arg-Leu-Arg-AMC and Suc-Pro-Ser-Pro-AMC were from System Peptide Company (Pudong New Area, Shanghai, China). Boc-Leu-Arg-Arg-AMC (4-methylcoumarinyl-7-amide), Z-Ala-Ala-Asn-AMC and Z-Phe-Ala-AMC were from Peptide Institute (Ibaraki-Shi, Osaka, Japan). Suc-Leu-Leu-Val-Tyr-AMC and Suc-Gly-Pro-Leu-Gly-Pro-AMC were supplied by Peninsula Labs (Belmont, CA, USA). The internally quenched fluorescent substrate peptide substrate Mca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(DNP)-DArg-NH2 was purchased from CPC Scientific (Sunnyvale, CA, USA). Stock solutions of substrate or inhibitor were dissolved in DMSO or water and diluted in buffer as required. In all cases, the DMSO concentration in the assays was less than 1% (v/v).

### Ethics statement {#sec007}

All experiments on animals were approved by the Animal Ethical Committee at Oswaldo Cruz Foundation (CEUA Fiocruz license LW-26/15) and were conducted in accordance with the International Guiding Principles for Biomedical Research involving animals, as issued by the Council for the International Organizations of Medical Sciences.

### Parasite material {#sec008}

Adult worms and L1 larval stage of *A*. *costaricensis* nematodes were obtained from the life cycle of the parasites, which is maintained in the Laboratory of Pathology (Oswaldo Cruz Institute, Fiocruz) using the intermediate snail host *Biomphalaria glabrata* and the definitive rodent host *Sigmodon hispidus*. *A*. *costaricensis* adult worms were obtained by careful dissection of mesenteric arteries of infected cotton rats \[[@pntd.0006923.ref008]\]. L1 larvae were collected from faeces of these infected rodents, as previously described \[[@pntd.0006923.ref027]\].

### Cell lysate preparation {#sec009}

Adult worms (45 males or 40 females per biological replicate) were separately grinded for 5 min in chilled 1.5 mL microcentrifuge tubes containing resin (Sample Grinding Kit, GE Healthcare) and 200 μL of 40 mM Tris base with 0.1% Triton X-100. Samples containing L1 larvae (\~ 120,000 larvae per biological replicate) were re-suspended in 250 μL of 40 mM Tris-HCl pH 6.8 with 0.1% Triton X-100 in 1.5 mL microcentrifuge tubes containing abrasive resin. Protein extraction was performed by a combination of grinding for 5 min on ice, followed by 10 freeze-thaw cycles in liquid nitrogen and room temperature. Cell debris were removed by centrifugation at 16,000 x *g* for 10 min at 4°C and the protein content in the supernatant was measured by BCA Protein assay (Thermo Scientific, Schwerte, Germany), using bovine serum albumin as standard.

### Multiplex peptide cleavage assay {#sec010}

Lysates from female worms and L1 larvae (66 μg/mL) were assayed with a mixture of 228 tetradecapeptides (500 nM each) in 100 mM NaCl, 2 mM DTT and either 20 mM citrate-phosphate pH 3.0, 20 mM citrate-phosphate pH 5.0 or 20 mM Tris-HCl pH 8.0. These assays were performed in the presence or absence of the following inhibitors: a) pH 8.0 (1 mM AEBSF or 1 mM 1,10 phenanthroline); b) pH 5.0 (10 μM E-64); and c) pH 3.0 (1 μM pepstatin A). Twenty percent of the reaction volume was removed after 5, 15, 60, 240, and 1200 min incubation and the reaction was stopped by the addition of 8 M GuHCl. Samples were desalted with C18 LTS tips (Rainin) and injected into a Q Exactive Mass Spectrometer (Thermo) equipped with an Ultimate 3000 HPLC. Peptides were separated by reversed phase chromatography on a C18 column (1.7 um bead size, 75 um x 20 cm, heated to 65°C) at a flow rate of 400 nl min^-1^, using a 55-minute linear gradient from 5% B to 30% B, with solvent A: 0.1% formic acid in water and solvent B: 0.1% formic acid in acetonitrile. Survey scans were recorded over a 150--2000 m/z range at 70,000 resolution. MS/MS was performed in data-dependent acquisition mode with HCD fragmentation. Peak lists were generated using MSConvert (proteowizard.org) and data searches were performed against the library of 228 peptides using Protein Prospector software. All raw spectrum (.RAW) are available at the massIVE resource (<https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp>; massIVE accession: MSV0000000082836). Tolerances of 20 ppm and 0.8 Da were used for parent and fragment ions, respectively. The following variable modifications were selected with a maximum of 2 modifications per peptide: amino acid oxidation (proline, tryptophan, and tyrosine) and N-terminal pyroglutamate conversion from glutamine. Protein Prospector score thresholds were set to 15 with maximum expectation values of 0.01 and 0.05 for protein and peptide matches, respectively. Peptide cleavage products were imported into iceLogo software v.1.2 \[[@pntd.0006923.ref031]\] to generate protease substrate specificity profiles. Octapeptides (P4-P4ʹ) corresponding to the peptide cleavage products were used as the positive dataset, and octapeptides corresponding to all possible cleavage sites in the 228-member library were used as the background dataset ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}).

### Assays using internally quenched fluorescent substrates {#sec011}

All assays were performed at room temperature in 0.1 M citrate-phosphate buffer pH 3.0 containing 100 mM NaCl, 2 mM DTT, 0.01% Tween-20 and 20 μM of Mca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(DNP)-DArg-NH2. Assays were performed using three technical replicates of male and female lysates (150 μg/mL) or L1 lysates (125 μg/mL) in round bottom 96-microwell plates in the Spectra Max M5 spectrofluorimeter (Molecular Devices), with excitation at 328 nm and emission at 393 nm. Initial velocities (relative fluorescent units/sec) were calculated using the Softmax Pro software (Molecular Devices) and were converted to pmol/sec. Inhibition studies were performed using the same concentration of protein and substrates as outlined above, but with the addition of 1 μM of pepstatin A, 10 μM of E-64 or 1% DMSO.

### Assays using AMC substrates {#sec012}

Enzyme assays were carried out in white 384-microwell plates (Corning Inc., Corning, NY) at room temperature using an EnVision Multilabel Plate Reader (PerkinElmer). Protein lysates (adult worms 150 μg/mL and L1 larvae 125 μg/mL) were assayed with a panel of fluorogenic substrates containing a C-terminal 7-amino-4-methylcoumarin (listed in [S2](#pntd.0006923.s003){ref-type="supplementary-material"} and [S3](#pntd.0006923.s004){ref-type="supplementary-material"} Tables) in 100 mM NaCl, 0.01% Tween-20, 2 mM DTT and either 100 mM citrate-phosphate buffer pH 5.0 or 20 mM Tris-HCl pH 8.0. The substrates (20 μL) were diluted in the same buffers at a final concentration of 100 μM. All assays were performed using three biological replicates. For the inhibition assay, aliquots of the lysates were pre-incubated for 30 min at room temperature, with the following inhibitors: 10 μM of E-64, 1 mM of AEBSF or 5 mM 1,10-phenanthroline. Since the inhibitors were dissolved in 1% DMSO, the positive control (lysate without inhibitor) was always assayed in the presence of 1% DMSO. Hydrolysis of the substrates was monitored, with excitation at 355 nm and emission at 460 nm.

Results {#sec013}
=======

Adults worms {#sec014}
------------

A global and unbiased substrate screen was used to uncover the peptidase substrate specificity in adult *A*. *costaricensis* worms. For these initial studies, protein lysates from female worms were used due to their larger size and sufficiently abundant protein levels; however, both male and female worm extracts were used for downstream validation assays. *A*. *costaricensis* protein was added to a mixture of 228 physicochemically diverse tetradecapeptides and cleavage of any of the 2,964 available peptide bonds within these peptides was detected by LC-MS/MS.

When assayed at pH 3.0, cleavage of 77 peptide bonds was discovered after 5 minutes incubation and, by 1200 minutes, a total of 556 cleaved peptide bonds were identified ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}). These data show that acid-acting peptidases present in *A*. *costaricensis* adults are capable of cleaving almost 20% of the available bonds in this tetradecapeptide library and are therefore likely to be able to degrade many protein substrates into short peptides. Aspartic acid peptidases are highly active at pH 3.0 and these enzymes are inhibited by pepstatin A. We therefore incubated worm lysate with this inhibitor prior to the addition of the peptide library. Under these assay conditions, we found a lower number of cleaved peptides at each time interval, when compared to the untreated assay, indicating that one or more aspartic acid peptidases are present in this worm sample.

A comparison of the cleaved peptide bonds that are generated in the presence and absence of pepstatin, allowed us to assign each cleavage site as being either the product of an aspartic acid peptidase or the product of other peptidases that are active at pH 3.0 but are not inhibited by pepstatin. Using only cleavage products that are detectable in the first 15 minutes of the assay of the DMSO treated assay, we discovered 126 products that are generated by aspartic acid peptidases as these are absent in the pepstatin A treated assay. In addition, 66 cleavage sites are present in both the DMSO and pepstatin A assays and therefore the products of one or more pepstatin-insensitive acid peptidases. The location of each cleavage site within the 14-mer peptides was determined. In general, the aspartic acid peptidases preferentially cleaved the 14-mer substrates between residues 5 and 12, indicating that they have greater endopeptidase activity than exopeptidase activity ([Fig 1A](#pntd.0006923.g001){ref-type="fig"}). The pepstatin-insensitive peptidases generally cleaved between position 2 and 3, and between 12 and 14 indicating that these enzymes are likely to include at least one carboxypeptidase and one di-aminopeptidase.

![Characterization of the proteolytic activity of adult worm lysates at pH 3.0 using MSP-MS and an IQ-FRET substrate.\
A) Spatial distribution of the cleavage sites within the 14-mer peptide scaffold obtained with female lysates in the presence or absence of pepstatin (aspartic peptidase inhibitor). B-C) IceLogo representation showing the substrate specificity profiles obtained by MSP-MS following 15 minutes hydrolysis at pH 3.0 using female lysates (66 μg/mL). The amino acid 'n' corresponds to norleucine. Amino acids that are most frequently observed are shown above the axis, while less frequently observed ones are shown below. Residues highlighted in black are significantly (p ≤ 0.05) enriched relative to the frequency of these same amino acids in the peptide library. D) Adult worm lysates (female and male) (150 μg/mL) were incubated with internally quenched GKPILFFRL substrate (20 μM). Enzyme activity was expressed as picomoles of AMC per second. E) Female lysates were assayed with GKPILFFRL substrate in the presence of 10 μM E-64 and 1 μM pepstatin. The results are reported as mean ± standard deviation of three biological replicates.](pntd.0006923.g001){#pntd.0006923.g001}

A substrate specificity profile was generated for both types of enzyme activities. The aspartyl peptidase had a strong preference for hydrophobic amino acids Phe, Leu and norleucine (Nle) in the P1 site and no tolerance for Val, Ile, Lys, Arg, Gly or Asn. In the P1ʹ position, Phe, Tyr and Nle were preferred while Arg and Thr were frequently found at P2ʹ ([Fig 1B](#pntd.0006923.g001){ref-type="fig"}). For the substrate specificity associated with the 'undefined acid peptidase' there was as preference for cleavage between Asn and Nle, with Asp commonly found at P2ʹ, Phe and Glu at P2 and Leu at P3 ([Fig 1C](#pntd.0006923.g001){ref-type="fig"}).

The specificity of the *A*. *costaricensis* aspartic acid peptidase strongly correlates (Pearson correlation = 0.84) with the substrate specificity of human cathepsin D, an aspartyl peptidase that is also potently inhibited by pepstatin \[[@pntd.0006923.ref032]\]. In fact, the standard fluorescent substrate for assaying cathepsin D consists of the following P4 to P3ʹ sequence, PILFFRL \[[@pntd.0006923.ref033]\], which closely matches the optimal substrate sequence for the *A*. *costaricensis* aspartic acid. Therefore, to validate the substrate profiling we assayed the female lysate with the cathepsin D substrate and found it to be rapidly hydrolyzed ([Fig 1D](#pntd.0006923.g001){ref-type="fig"}). In addition, we assayed a lysate of male *A*. *costaricensis* worms and found that this enzyme activity is also present, although the specific activity is decreased by 2-fold. Addition of pepstatin to the female lysate completely abolished this activity, while E-64, a broad-specificity cysteine peptidase inhibitor showed no statistically significant reduction in activity (2.83 ± 0.15%) ([Fig 1E](#pntd.0006923.g001){ref-type="fig"}). Taken together, these studies show that one or more aspartic acid peptidases are active in the male and female worms at pH 3.0 and that this activity is inhibited by pepstatin. In addition, at least one enzyme with strong di-carboxypeptidase activity is also active at pH 3.0 in female *A*. *costaricensis* worms.

When the worm extracts were assayed at pH 5.0, cleavage of 84 peptide bonds was discovered after 15 minutes incubation and 512 peptide cleavage sites were detected by 1200 minutes ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}). Cysteine peptidases of the papain family are generally optimally active at pH 5.0 and these enzymes can be inhibited by E-64. Thus, we incubated the worm lysate with this inhibitor prior to the addition of the peptide library. Under these conditions, treated worm lysates exhibited a reduction in the number of cleaved peptides at all time intervals, when compared to the untreated control, indicating that one or more cysteine peptidases are present in this worm sample.

Comparison of cleavage peptide events occurred in the presence and absence of E-64, allow us to determine each cleavage site as being either cysteine peptidase or other peptidases that are active at pH 5.0 but are not inhibited by E-64 ([Fig 2A](#pntd.0006923.g002){ref-type="fig"}). Using only cleavage products identified after 60 minutes of the assay, 127 cleavage sites were detected as cysteine peptidases ([Fig 2B](#pntd.0006923.g002){ref-type="fig"}) and 81 cleavage sites that are unchanged after E-64 treatment and are therefore the products of an undefined peptidase(s) ([Fig 2C](#pntd.0006923.g002){ref-type="fig"}). Again, the location of each cleavage site within the 14-mer peptides was determined and the cysteine peptidases preferentially cleaved the 14-mer substrates between residues 12 and 14 while the other peptidases active at pH 5.0 hydrolyzed bonds within the 14-mer substrate without a clear preference for location ([Fig 2A](#pntd.0006923.g002){ref-type="fig"}). These data indicate that the cysteine peptidases have mono- and di- carboxypeptidase specificity. A substrate specificity profile was generated for the cysteine peptidase that showed a strong preference for basic amino acids such as Lys and Arg in the P1 and P4 positions ([Fig 2B](#pntd.0006923.g002){ref-type="fig"}). The substrate specificity associated with the 'undefined peptidase' was clearly different from the cysteine peptidase and showed a cleavage preference for norleucine (Nle) and Phe or Val in the P1´ position ([Fig 2C](#pntd.0006923.g002){ref-type="fig"}).

![Characterization of the proteolytic activity of adult worm lysates at pH 5.0 using MSP-MS and AMC substrates.\
A) Spatial distribution of the cleavage sites within the 14-mer peptide scaffold obtained with female lysates in the presence or absence of E-64 (cysteine peptidase inhibitor). B-C) IceLogo representation showing the substrate specificity profiles obtained by MSP-MS following 60 minutes hydrolysis at pH 5.0 using female lysates (66 μg/mL). The amino acid 'n' corresponds to norleucine. Amino acids that are most frequently observed are shown above the axis, while less frequently observed ones are shown below. Residues highlighted in black are significantly (p ≤ 0.05) enriched relative to the frequency of these same amino acids in the peptide library. D) Adult worm lysates (female and male) (150 μg/mL) were incubated with Boc-Ala-Gly-Pro-Arg-AMC (100 μM). Enzyme activity was expressed as picomoles of AMC per second. E) Female lysates were assayed with the same fluorescent substrate in the presence of 10 μM E-64. The results are reported as mean ± standard deviation of three biological replicates.](pntd.0006923.g002){#pntd.0006923.g002}

The endopeptidase activity of adult worm lysates was also evaluated with 19 synthetic fluorogenic substrates at pH 5.0 ([S1 Table](#pntd.0006923.s002){ref-type="supplementary-material"}). A substrate that was preferentially hydrolyzed by both female and male lysates contained the sequence Boc-Ala-Gly-Pro-Arg-AMC ([Fig 2D](#pntd.0006923.g002){ref-type="fig"}). The location of Arg in the P1 position matches the substrate preference of the E-64 sensitive cysteine peptidases. When the female worm lysate was subsequently incubated with 10 μM of E-64 and assayed with Boc-Ala-Gly-Pro-Arg-AMC, the activity was completed inhibited ([Fig 2E](#pntd.0006923.g002){ref-type="fig"}). These data show that *A*. *costaricensis* cysteine peptidases are active in both male and female worm lysates. These enzymes display broad substrate specificity but under this pH conditions, cleavage generally occurs near the carboxyl terminus of peptide and protein substrates thereby generating single amino acids and dipeptides.

We next assayed the female worm lysate at pH 8.0 to detect peptidases that are active at neutral pH and a total of 153 cleavage peptide bonds were identified ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}). Serine peptidases and metallopeptidases are generally active at neutral and basic pH, therefore, worm lysates were assayed in the presence and the absence of the serine peptidase inhibitor AEBSF and the metallopeptidase inhibitor 1,10-phenanthroline. Under each condition, we observed a decrease in the number of cleaved peptides at each time point, when compared to the untreated assay.

The cleavage pattern within the 14-mer peptides after 240 min incubation at pH 8.0, in the presence of AEBSF or 1,10 phenanthroline is shown in [Fig 3A](#pntd.0006923.g003){ref-type="fig"}. A total of 80 cleavage sites were associated with serine peptidase and 56 cleavage sites were shown to be generated by metallopeptidase. Serine peptidases showed strong preference for Asp and Tyr at P1, Arg at P2ʹ site and no tolerance for Arg at P1ʹ position ([Fig 3B](#pntd.0006923.g003){ref-type="fig"}). Metallopeptidases also showed strong preference for Tyr and Asp at P1 site. In P4 position, Asn was preferred while Arg was frequently observed at P2ʹ site ([Fig 3C](#pntd.0006923.g003){ref-type="fig"}).

![Characterization of the proteolytic activity of adult worm lysates at pH 8.0 using MSP-MS and AMC substrates.\
A) Spatial distribution of the cleavage sites within the 14-mer peptide scaffold obtained with female lysates in the presence of AEBSF (serine peptidase inhibitor) or 1,10 phenanthroline (metallopeptidase inhibitor). B-C) IceLogo representation showing the substrate specificity profiles obtained by MSP-MS following 240 minutes hydrolysis at pH 8.0 using female lysates (66 μg/mL). The amino acid 'n' corresponds to norleucine. Amino acids that are most frequently observed are shown above the axis, while less frequently observed ones are shown below. Residues highlighted in black are significantly (p ≤ 0.05) enriched relative to the frequency of these same amino acids in the peptide library. D) Adult worm lysates (female and male) (150 μg/mL) were incubated with Suc-Gly-Pro-Leu-Gly-Pro-AMC or H-Tyr-AMC (100 μM). Enzyme activity was expressed as picomoles of AMC per second. E) Female lysates were assayed with Suc-Gly-Pro-Leu-Gly-Pro-AMC in the presence of 1mM AEBSF or 5 mM 1,10 phenanthroline. F) Female lysates (150 μg/mL) were assayed upon H-Tyr-AMC in the presence of 1 mM AEBSF, 5 mM 1,10 phenanthroline or a mixture of these two inhibitors. The results are reported as mean ± standard deviation of three biological replicates.](pntd.0006923.g003){#pntd.0006923.g003}

The endopeptidase activity of both male and female worm lysates was also evaluated with 19 synthetic fluorogenic substrates at pH 8.0 ([S1 Table](#pntd.0006923.s002){ref-type="supplementary-material"}). Several substrates and Suc-Gly-Pro-Leu-Gly-Pro-AMC most found to be hydrolyzed rapidly by peptidases in both samples. Using this substrate the specific activity of peptidases in female lysates was 7.3-fold higher than in males ([Fig 3D](#pntd.0006923.g003){ref-type="fig"}). In female extracts, this proteolytic activity was reduced by 37 ± 2.89% in the presence of AEBSF and by 19 ± 2.08% with 1,10 phenanthroline ([Fig 3E](#pntd.0006923.g003){ref-type="fig"}) indicating that both serine and metallo-peptidases can hydrolyze this substrate. The lysates were further assayed with mono- and di-peptide AMC substrates including Gly-Phe, Tyr, Ala, Arg or Gly-Arg ([S2 Table](#pntd.0006923.s003){ref-type="supplementary-material"}), because many of the cleavage sites found in the tetradecapeptides substrate library were close to the amino termini indicating that one or more aminopeptidases were active in this sample ([Fig 3A](#pntd.0006923.g003){ref-type="fig"}). Female lysates showed higher specific activity compared with male lysates, with a clear preference for a tyrosine residue in the P1 site. The aminopeptidase activity of female lysates was reduced by 65 ± 2.92% in the presence of AEBSF and by 72 ± 0.59% in the presence of 1,10 phenanthroline. When both inhibitors were included in the assay activity decreased by 86 ± 0.72% ([Fig 3F](#pntd.0006923.g003){ref-type="fig"}). Taken together, these results indicate the presence of serine and metallo-peptidases in *A*. *costaricensis* adult worm lysates that have overlapping substrate specificity. 1,10 Phenanthroline is known to inhibit Zn-metallopeptidases by chelating the metal ions but it also has an affinity for Ca^2+^ ions. Therefore, the similarity in specificity between the serine and metallo-peptidases may to due 1,10 Phenanthroline inhibiting Ca^2+^ or Zn^2+^ dependent serine proteases in the *A*. *costaricensis* adult worm lysate.

First larval stage (L1) {#sec015}
-----------------------

We next evaluated peptidase activity in *A*. *costaricensis* L1 lysate to determine if these enzymes differ from the peptidases detect in adults. When L1 lysate was assayed at pH 3.0 with the tetradecapeptides library, cleavage of 11 peptide bonds was discovered after 5 minutes incubation and, by 1200 minutes, a total of 138 cleavage peptide bonds were identified ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}). When this same assay was performed in the presence of pepstatin, a decrease in the number of cleaved peptides occurred at each time interval, although not all peptide cleavage sites were sensitive to pepstatin. Using only cleavage products that were detectable after 240 minutes incubation, 51 were generated by aspartic acid peptidases ([Fig 4B](#pntd.0006923.g004){ref-type="fig"}) and 34 are unchanged after pepstatin treatment, therefore representing the products of undefined peptidases ([Fig 4C](#pntd.0006923.g004){ref-type="fig"}). Aspartic acid peptidase preferentially cleaved the 14-mer peptides between residues 3 and 4 and between residues 10 and 14 while the undefined peptidase frequently cleaved between position 1 and 3 and between 13 and 14 ([Fig 4A](#pntd.0006923.g004){ref-type="fig"}). The location of the cleavage sites differs from what was seen with the aspartyl peptidases present in the adult lysate ([Fig 1A](#pntd.0006923.g001){ref-type="fig"}). However, the overall substrate specificity preference was similar to the adult lysate peptidases with cleavage occurring between two hydrophobic residues such as Phe and Tyr at P1 and norleucine (Nle) at P1ʹ. In addition, these enzymes preferred Glu at P2 and Val at P3ʹ ([Fig 4B](#pntd.0006923.g004){ref-type="fig"}). For the substrate specificity associated with the 'undefined acid peptidase' there was a preference for Trp at P1, Leu at P4 and Nle at P1ʹ ([Fig 4C](#pntd.0006923.g004){ref-type="fig"}).

![Characterization of the proteolytic activity of L1 lysates at pH 3.0 using MSP-MS and an IQ-FRET substrate.\
A) Spatial distribution of the cleavage sites within the 14-mer peptide scaffold obtained with L1 lysates in the presence or absence of pepstatin (aspartic peptidase inhibitor). B-C) IceLogo representation showing the substrate specificity profiles obtained by MSP-MS following 240 minutes hydrolysis at pH 3.0 using L1 larvae lysates (66 μg/mL). The amino acid 'n' corresponds to norleucine. Amino acids that are most frequently observed are shown above the axis, while less frequently observed ones are shown below. Residues highlighted in black are significantly (p ≤ 0.05) enriched relative to the frequency of these same amino acids in the peptide library. D) L1 lysates (125 μg/mL) were assayed with GKPILFFRL (20 μM) in the absence or presence of 1 μM pepstatin. The results are reported as mean ± standard deviation of three biological replicates.](pntd.0006923.g004){#pntd.0006923.g004}

We predicted that the acid peptidase may also hydrolyze the internally quenched fluorescent substrates that was designed for human cathepsin D and could be readily hydrolyzed by aspartic acid peptidases in the *A*. *costaricensis* adult lysate. When this substrate was assayed with L1 lysate at pH 3.0, cleavage was observed, and this activity was completely inactivated by pepstatin ([Fig 4D](#pntd.0006923.g004){ref-type="fig"}). These data show that many of the peptidases active in L1 are likely aspartic acid enzymes, as already observed for adult worms.

When the L1 lysate was assayed in pH 8.0, a total of 634 cleavage peptide sites were detected within the 14-mer peptides after only 15 minutes. With extended incubation for up to 1200 minutes, 1289 unique peptide bonds were hydrolyzed ([S1 File](#pntd.0006923.s001){ref-type="supplementary-material"}). Similarly, to the pH 8.0 studies performed with the adult lysate, the L1 lysate was pre-treated with either AEBSF or 1,10 phenanthroline. A total of 302 sites were found to be the product of serine peptidases, while 183 peptide bonds were cleaved by metallopeptidases. In general, the distribution of cleavage sites was similar for both classes of enzymes, and the serine peptidase was dominant, with the notable exception of the bonds between amino acid 1 and 2, where metallopeptidase activity prevailed ([Fig 5A](#pntd.0006923.g005){ref-type="fig"}). The serine peptidases showed strong preference for basic or bulky residues (Arg, Lys, His) and Trp at P1 position and no tolerance for Gly, Val and Ile. At the P2 site, Leu was preferred and no tolerance for Glu and Asp. At the P3 position, Arg and Ala were preferred, while Arg and Ile were frequently found at P4. At the P4ʹ site, Pro was preferred while this same amino acid was not tolerated at P1ʹ ([Fig 5B](#pntd.0006923.g005){ref-type="fig"}). Metallopeptidases showed strong preference for Lys and Phe at the P1 site and Ala at P2ʹ ([Fig 5C](#pntd.0006923.g005){ref-type="fig"}).

![Characterization of the proteolytic activity of L1 lysates at pH 8.0 using MSP-MS and AMC substrates.\
A) Spatial distribution of the cleavage sites within the 14-mer peptide scaffold in the presence or absence of AEBSF (serine peptidase inhibitor) or 1,10 phenanthroline (metallopeptidase inhibitor). B-C) IceLogo representation showing the substrate specificity profiles obtained by MSP-MS following 15 minutes hydrolysis at pH 8.0 using L1 larvae lysates (66 μg/mL). The amino acid 'n' corresponds to norleucine. Amino acids that are most frequently observed are shown above the axis, while less frequently observed ones are shown below. Residues highlighted in black are significantly (p ≤ 0.05) enriched relative to the frequency of these same amino acids in the peptide library. D) L1 lysates (125 μg/mL) were incubated with Suc-Leu-Leu-Val-Tyr-AMC (100 μM) in the presence of 1 mM AEBSF or 5 mM 1,10 phenanthroline. E) L1 lysates (125 μg/mL) were assayed upon Boc-Ala-Gly-Pro-Arg-AMC (100 μM) in the presence of 1 mM AEBSF or 5 mM 1,10 phenanthroline. The results are reported as mean ± standard deviation of three biological replicates.](pntd.0006923.g005){#pntd.0006923.g005}

Additionally, the endopeptidase activity of L1 lysates was also evaluated with a selection of synthetic fluorogenic substrates at both pH 5.0 and 8.0 ([S3 Table](#pntd.0006923.s004){ref-type="supplementary-material"}). Suc-Leu-Leu-Val-Tyr-AMC and Boc-Ala-Gly-Pro-Arg-AMC substrates were preferentially hydrolyzed at pH 8.0 and all substrates that where hydrolyzed at pH 8.0 were also hydrolyzed at pH 5.0. As the specific activity was always higher at pH 8.0, we chose to focus our efforts on assays performed at pH 8.0. The proteolytic activity observed with Suc-Leu-Leu-Val-Tyr-AMC was inhibited by 91 ± 1.72% in the presence of AEBSF and by 75.0 ± 3.66% when using 1,10-phenanthroline ([Fig 5D](#pntd.0006923.g005){ref-type="fig"}). Cleavage of Boc-Ala-Gly-Pro-Arg-AMC was slightly reduced upon treatment with the AEBSF (9.2 ± 2.5%), and it was inhibited by 96.0 ± 0.25% in the presence of 1,10-phenanthroline ([Fig 5E](#pntd.0006923.g005){ref-type="fig"}). These results indicate that both serine and metallo-peptidases are responsible for cleavage of Suc-Leu-Leu-Val-Tyr-AMC and while metallopeptidases cleave the Boc-Ala-Gly-Pro-Arg-AMC substrate.

Taken together, our data indicate that multiple proteases are present in L1 and adult worm lysates of *A*. *costaricensis*; they are capable of cleaving a diverse set of peptide bonds over a broad pH range.

Discussion {#sec016}
==========

The present work shows that *A*. *costaricensis* expresses many different peptidases in adult and larval stages. Proteolytic enzymes are receiving increasing attention as potential therapeutic targets or as diagnostic markers for various diseases \[[@pntd.0006923.ref034]--[@pntd.0006923.ref036]\]. In helminths, they have been implicated in a broad range of biological process \[[@pntd.0006923.ref035], [@pntd.0006923.ref037]--[@pntd.0006923.ref039]\]. Very little is known about the function of proteolytic enzymes in *A*. *costaricensis*, therefore biochemical characterization of their proteolytic enzymes may provide insights into parasite-host interaction mechanisms involved in the establishment and development of abdominal angiostrongyliasis.

Using a wide variety of peptide substrates and several classes of specific peptidase inhibitors, aspartic acid, cysteine, serine and metallo-peptidases from *A*. *costaricensis* were detected and partially characterized. The cysteine peptidase specificity in adult worms matched papain-type peptidases found in mammalian cells. Human cathepsin B and L are inhibited by E-64 and show preference for positively charged amino acids at the P1 position, in addition to hydrophobic amino acids at the P2 position \[[@pntd.0006923.ref040]\]. Cysteine peptidases have been implicated in multiple functions that are essential to the biology of parasitic organisms, such as antigen presentation, digestion, immune invasion, hemoglobin hydrolysis and host invasion \[[@pntd.0006923.ref041]\]. Cathepsins B and L perform the majority of digestive function in helminths \[[@pntd.0006923.ref037], [@pntd.0006923.ref041]\] and RT-PCR data analysis of *Angiostrongylus cantonensis* showed that cysteine peptidase transcripts are present in larval stages and adult worms \[[@pntd.0006923.ref042]\]. In addition, similarly to cathepsin B, which was shown to have carboxypeptidase activity \[[@pntd.0006923.ref043]\], most activity attributed to cysteine peptidases in *A*. *costaricensis* worm extract occurred at the C-terminal side of the substrates. Human cathepsin B and L do not tolerate Pro at the P2 position and therefore it is unexpected that the fluorescent substrate Boc-Ala-Gly-Pro-Arg-AMC was rapidly cleaved by the worm cysteine peptidases. However, it is possible that *A*. *costaricensis* also express cysteine peptidases with a substrate specificity similar to human cathepsin K, as this enzyme preferentially cleaves substrates that contain proline at P2 and Arg at P1 \[[@pntd.0006923.ref043]\]. A gut associated cathepsin B cysteine peptidase was identified in juvenile and adult worms of *Angiostrongylus cantonensis*, suggesting that these enzymes are involved in nutrition \[[@pntd.0006923.ref044], [@pntd.0006923.ref045]\]. The biological function of *A*. *costaricensis* cysteine peptidases remains unknown, but this study has confirmed that these enzymes are active in the adult worm.

Aspartic peptidases are a group of evolutionarily conserved proteolytic enzymes that have been characterized in many parasites \[[@pntd.0006923.ref035], [@pntd.0006923.ref046], [@pntd.0006923.ref047]\]. Aspartic peptidases trigger a multienzyme cooperative cascade of hemoglobin proteolysis inside the guts of nematodes and other parasites. They are responsible for cleaving the intact hemoglobin before it can be further processed by additional digestive peptidases \[[@pntd.0006923.ref035]\]. Using a fluorescence substrate developed for human cathepsin D, this study confirmed that *A*. *costaricensis* adult worms and L1 larvae express one or more enzymes that are functionally related to human cathepsin-D. These enzymes are inhibited by pepstatin and preferentially hydrolyze protein between two hydrophobic amino acids. Our previous data showed that aspartic peptidase inhibitors could block hemoglobin degradation by *A*. *costaricensis* \[[@pntd.0006923.ref027]\], therefore this proteolytic activity is likely to be required for parasite nutrition by the nematode. Interestingly, initial activity profiling of ticks *Ixodes ricinus* gut lysates indicated that hemoglobinolysis is optimal at acid pH, suggesting that proteolysis is mediated by peptidases belonging to the aspartic and/or cysteine peptidase classes which are known to operate optimally at acid pH \[[@pntd.0006923.ref048]\]. Blood-feeding pathogens digest hemoglobin as a source of nutrition but little is known about this process in *Angiostrongylus costaricensis*. In helminths, hemoglobin usually is digested by a cascade of aspartic and cysteine peptidases \[[@pntd.0006923.ref049]--[@pntd.0006923.ref051]\]. In adult schistosome worms, for example, digestion of blood requires a combination of cysteine and aspartic peptidases \[[@pntd.0006923.ref035], [@pntd.0006923.ref052]\].

In female worms, there are at least two serine peptidases which are active at pH 8.0. The specificity profile of the AEBSF-sensitive enzymes showed a preference for Asp or Tyr at P1. It is unlikely that the same enzyme is hydrolyzing both amino acid residues. The serine peptidase cleaving substrates showing Asp at the P1 site is likely to be an endopeptidase; the other enzyme is an aminopeptidase that prefers amino terminal Tyr residues. Interestingly, the specificity profile of serine peptidase activity in worms differs from serine peptidases identified in L1 larvae, which were described as trypsin-like enzyme(s). The activity profiles of metallopeptidases in female and L1 lysates were also different. Metalloaminopeptidases and serine trypsin-like were characterized in excretory/secretory products of *Anisakis simplex* larvae using fluorogenic substrates. These enzymes were postulated to be involved in host tissue penetration \[[@pntd.0006923.ref053]\]. Similarly, a metalloaminopeptidase from *Brugia pahangi* was found to participated in the moulting process \[[@pntd.0006923.ref054]\]. Serine and metallo-peptidases have been identified in the secretome from the fourth-stage (L4) larvae and adult worms of *Trichostrongylus vitrines* \[[@pntd.0006923.ref055]\]. Analysis of transcriptomic data reveals the presence of these proteases in different developmental stages of *Trichostrongylus colubriformis* maintained *in* culture \[[@pntd.0006923.ref056]\]. These peptidases may play key roles in several physiological processes, such as tissue penetration, immune evasion and feeding.

Our data reveals previously unrecognized peptidase activity which are present in *A*. *costaricensis* at several developmental stages. These results are a first but critical step to our further understanding of the biology and pathogenesis of this nematode.
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###### Raw data from the multiplex peptide cleavage assay.

These results were used to determine the cleavage site specificities and to build the Icelogo plots related to the peptidase activity found in *A*. *costaricensis* worms.
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###### Panel of fluorogenic substrates used to characterize the endopeptidase activity of *A*. *costaricensis* adult worm lysates at pH 5.0 and 8.0.
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Click here for additional data file.

###### Fluorogenic substrates used to characterize the aminopeptidase activity of *A*. *costaricensis* adult worm lysates at pH 8.0.
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###### Panel of fluorogenic substrates used to determine the aminopeptidase enzyme activity of *A*. *costaricensis* L1 larvae lysates at pH 5.0 and 8.0.

(XLSX)

###### 

Click here for additional data file.
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